Induction of apoptosis in tumour cells, either by direct activation of the death receptor pathway using agonistic antibodies or recombinant ligands, or direct triggering of the Bcl-2-regulated intrinsic apoptosis pathway by small molecule drugs, carries high hopes to overcome the shortcomings of current anticancer therapies. The latter therapy concept builds on a more detailed understanding of how Bcl-2-like molecules maintain mitochondrial integrity and how BH3-only proteins and Bax/Bak-like molecules can undermine it. Means to unleash the apoptotic potential of BH3-only proteins in tumour cells, or bypass the need for BH3-only proteins by blocking possible interactions of Bcl-2-like prosurvival molecules with Bax and/or Bak allowing their direct activation, constitute interesting options for the design of novel anticancer therapies.
Introduction
In this review, we aim to summarize our current knowledge of the physiological function of BH3-only proteins. We will discuss current issues of how cell death may be initiated by BH3-only proteins and briefly summarize the evidence indicating that apoptosis acts as a barrier against malignant disease. In the main part of this review, we try to give a comprehensive overview on the role of each individual BH3-only protein in cell death regulation, as delineated mainly from knockout mouse studies. We supplement this information with a summary of the available evidence implicating each individual gene in the pathology of neoplastic disease and the effectiveness of anticancer therapy.
Cell Death Regulation by BH3-only Proteins
A number of developmental or experimental stimuli, including growth factor deprivation, ultraviolet (UV) and g-irradiation, anoxia or anticancer drugs can lead to cell death via the 'intrinsic' Bcl-2-regulated apoptosis pathway.
1,2 Disruption of the outer mitochondrial membrane plays a central role in this death pathway, because it results in the release of apoptogenic factors such as cytochrome c or smac/Diablo from the inner membrane space into the cytosol and subsequent caspase activation. Binding of cytochrome c to the adapter molecule Apaf-1 triggers the formation of the 'apoptosome', a multimeric complex containing Apaf-1, cytochrome c, (d)ATP and pro-caspase-9 molecules. Autocatalytic activation of caspase-9 through dimerization then leads to activation of the so-called 'effector' caspases (caspases-3, -6 and -7) and death of the cell. 1, 2 Members of the Bcl-2 family either promote or prevent apoptosis. The prosurvival Bcl-2 family members include Bcl-2 itself, Bcl-X L , Bcl-w, A1 and Mcl-1. They share four Bcl-2 homology domains (BH1-BH4) among each other, with the exception of Mcl-1 that contains only three BH domains. 3 These proteins are crucial for cell survival, as the loss of any of these proteins causes abnormal death of certain cell populations such as lymphocytes or melanocytes in bcl-2 À/À mice 4 or erythroid progenitors and neurons in bcl-x À/À mice. 5 Deficiency in the mcl-1 gene causes death of early-stage embryos, and conditional deletion of this gene in the T-or B-cell lineage leads to rapid loss of mature lymphocytes. MxCre-mediated deletion of mcl-1 also causes rapid loss of committed myelocytic progenitors and haemopoietic stem cells. 6, 7 These mouse model systems impressively demonstrate that all these genes are essential for keeping cells alive. The proapoptotic Bcl-2 family members can be subdivided into two groups: Bax-like molecules (Bax, Bak, Bok/Mtd, Bcl-G and Bfk) contain three or at least two BH regions (BH1, BH2 and BH3) and display a high degree of similarity to prosurvival Bcl-X L in their three-dimensional structure, whereas the socalled 'BH3-only' proteins (Bad, Bik/Blk/Nbk, Hrk/DP5, Bid, Bim/Bod, Noxa, Bmf and PUMA/Bbc3) only share the BH3 domain with each other and the rest of the Bcl-2 protein family.
BH3-only proteins are essential for cell death initiation, as based on genetic and biochemical studies, whereas the Bax/ Bak-like proteins are critical further downstream in apoptosis signalling at the level of mitochondrial outer membrane permeabilization (MOMP). A large body of studies suggests that different apoptotic stimuli can activate distinct but sometimes overlapping sets of BH3-only proteins. 3 Apoptosis-independent functions have been proposed for certain BH3-only proteins such as the control of S-phase progression after DNA damage by Bid. 8, 9 The physiological relevance of these observations still needs confirmation, ideally in an animal model system. The proapoptotic activity of BH3-only proteins is tightly controlled by diverse transcriptional and post-translational mechanisms. For example, PUMA and Noxa are transcriptionally induced in response to DNA damage by p53 whereas other BH3-only proteins, such as Bid or Bad, are thought to be mainly regulated at the posttranslational level. 2 The molecular mode of BH3-only protein action is still under intense investigation. BH3-only proteins bind to a hydrophobic groove on the surface of Bcl-2-like molecules, formed by their BH1, BH2 and BH3 domains and thereby antagonize their prosurvival function. 10 This physical interaction strictly depends on a functional BH3-domain within the BH3-only protein. In one model of BH3-only protein function, this interaction is thought to block the ability of Bcl-2-like prosurvival proteins to keep proapoptotic Bax/Bak in check, preventing them from undergoing oligomerization and causing loss of mitochondrial outer membrane integrity and cell death ( Figure 1 ). David Huang and colleagues found that different BH3-only proteins have distinct, only partially overlapping, binding preferences for their prosurvival Bcl-2-like relatives. 11 Their study suggests that certain BH3-only proteins can only antagonize a very distinct subset of Bcl-2-like molecules in vivo (e.g. Noxa can only block Mcl-1 and A1), whereas others, such as Bim and PUMA, are able to bind with similar affinities to all known Bcl-2 prosurvival proteins and, therefore, may have broader physiological functions than other BH3-only proteins. In support of their idea, they also demonstrate in a follow-up study that Mcl-1 physically interacts with Bak in the outer mitochondrial membrane until displaced by a BH3-only protein. In response to UV-irradiation, Noxa is strongly induced and interacts with Mcl-1 targeting it for proteasomal degradation. This event frees a substantial amount of Bak able to oligomerize, but overexpression of Noxa is not sufficient to kill the cell. Cell death initiation by Noxa in murine embryonic fibroblasts (MEFs) in response to UV-irradiation requires the activity of additional BH3-only proteins to antagonize other prosurvival Bcl-2 homologues present in the cell. Consistent with this idea, overxpression of Noxa readily induced apoptosis in MEF lacking Bcl-X L that can neutralize Bak in the absence of Mcl-1. 12 An alternative model, proposed by Don Newmeyer's group, suggests that Bcl-2-like prosurvival molecules act as a sink for BH3-only proteins that are proposed to exist in two flavours: 'direct activators' (Bid and Bim) and 'de-repressors' (all others). In this model, members of both classes compete for binding to Bcl-2 or prosurvival homologues ( Figure 2 ). Excess of 'de-repressors' would prevent sequestration of 'direct activators' by prosurvival homologues of Bcl-2 freeing them to bind and activate Bax/Bak-like molecules directly. 13 This model would predict that 'de-repressors' must have higher binding affinities to prosurvival Bcl-2 family members or need to be present in vast excess over Bim or Bid. The latter may be achieved, for example, by transcriptional upregulation of PUMA or Noxa in response to DNA damage. Alternatively, at comparable ratios, post-translational modifications causing conformational change leading to altered affinities on either side may influence the life-death balance. However, as direct binding of Bim or PUMA to Bax or Bak with physiologically relevant affinity has so far not been reported, a 'hit and run' mode of interaction needs to be postulated and further investigations will be required to clarify this issue. Genetic experiments, however, clearly demonstrate that BH3-only proteins act upstream of Bax/Bak, as enforced overexpression of BH3-only proteins triggers cytochrome c release and apoptosis only in fibroblasts proficient for Bax or Bak but not in those lacking both molecules.
14 More recent studies suggest that this redundancy may only be restricted to cell death induced by certain BH3-only proteins, such as Bid or Bim, whereas others may preferentially induce cell death using one or the other Bax-like protein, maybe even in a cell type and/or stimulus-dependent manner. For example, Nbk/ Bik and PUMA appear to kill in a strictly Bax-dependent manner. 15, 16 In light of the previously introduced models, Nbk/ Bik may fail to activate Bak, because it has a very low binding affinity for Mcl-1 ( Figure 1 ). However, PUMA can bind to Mcl-1 and should therefore be able to activate Bak and also be able to kill by engaging Bak. Maybe PUMA kills only via displacement of p53 from Bcl-X L , as recently proposed but whether p53 may really be able to directly activate Bax remains highly controversial. 17, 18 Taken together, these results indicate that the decision of whether a cell will live or die along the intrinsic apoptosis pathway after exposure to a stress-inducing signal is determined to a large extent by the set of BH3-only proteins activated in response to a given stimulus and whether the cell type-specific panel of Bcl-2 prosurvival homologues can counterbalance this attack.
Apoptosis as a Barrier Against Neoplastic Disease
The link between apoptosis and cancer emerged almost 20 years ago, when Bcl-2, overexpressed in B85% of human follicular lymphoma owing to translocation of its gene into the immunoglobulin heavy chain gene locus, was found to inhibit cell death rather than to promote proliferation like classical oncogenes known at that time.
Bcl-2-like proteins have been implicated in the development of other haemopoietic as well as non-haemopoietic malignancies, such as acute promyelocytic leukaemia, breast and pancreatic b-cell cancers, where Bcl-2 or Bcl-X L overexpression has been shown to facilitate tumorigenesis in vivo.
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Overexpression of Bcl-2 in lymphocytes renders mice susceptible to lymphomagenesis, particularly when combined with other oncogenes such as c-myc or pim-1 that drastically accelerate tumorigenesis in double transgenic mice. 19 Panhaemopoietic overexpression of Bcl-2 under control of the vav-gene promoter causes the classic follicular lymphoma phenotype associated with the t(14,18) translocation. 20 Bcl-X L , the closest relative of Bcl-2, has been implicated in mouse myeloid and T-cell leukaemias 21 and A1, another prosurvival relative of Bcl-2, has been reported to facilitate BCR/ablmediated leukaemogenesis. 22 Mice expressing a mcl-1 transgene under control of its own promoter develop B-cell neoplasias with high frequency, ranging from follicular lymphoma to diffuse large B-cell lymphoma, albeit rather late in life. 23 Similar to overexpression of Bcl-2-like proteins, the absence of proapoptotic Bcl-2 relatives can also enhance tumour progression. Somatic frameshift mutations in the bax gene have been described in some cases of colon cancer of the mutator phenotype. 24 Moreover, transformation of choroid plexus epithelial cells by transgenic expression of a truncated version of SV40 large T antigen (inactivating only the retinoblastoma protein Rb, but not p53) shows accelerated kinetics on a bax À/À background. 25 In addition, haploid loss of bax leads to accelerated mammary tumour development in C3(1)/SV40 large T antigen transgenic mice. 26 In summary, overexpression of Bcl-2-like proteins or loss of Bax or Bak function can contribute to tumorigenesis by enhancing survival of otherwise doomed cells, enabling accumulation of additional mutations driving tumour progression.
The observation that Bax and Bak display features of tumour suppressors raises the possibility that proapoptotic molecules may be tumour suppressors by default. Consistent with this idea, loss of Apaf-1 expression, the adapter molecule required for caspase-9 activation downstream of MOMP, was reported to occur frequently in patients with progressive melanoma, and a significant number of melanoma cell lines were reported to display reduced Apaf-1 expression owing to epigenetic silencing that correlated with drug resistance. 27 These findings, however, were challenged as other researchers failed to detect the loss of Apaf-1 expression in primary tumour samples and cell lines at similar frequencies, maybe owing to differences in the suitability of certain Apaf-1 antibodies for immunohistochemistry. 28, 29 Furthermore, neither loss of apaf-1 nor caspase-9 accelerated c-mycdriven lymphomagenesis in mice, 30 suggesting that loss of apoptosome function is unlikely to be a key event in transformation. Apaf-1-or caspase-9-deficient mouse embryonic fibroblasts displayed no enhanced colony-forming and transformation potential in response to oncogenic transformation by E1A/H-ras and H-ras/c-myc in vitro whereas loss of p53 or Bax did. 30 Taken together, this indicates that loss of apoptosome function can be compensated for by other cell death mechanisms in vivo and is not a prerequisite for transformation.
Similarly, loss of death receptors (DRs) such as TRAIL-R or CD95/Fas is not tumorigenic per se, although loss of CD95 causes lymphadenopathy. 31, 32 The accumulating cells in CD95-deficient lpr mice, however, are polyclonal in nature but Bcl-2 overexpression can synergize in the development of a disease resembling human acute myeloblastic leukaemias in mice. 33 Combined inactivation of all DR signalling in T cells by overexpression of a dominant-negative version of the adapter molecule Fas-associated death domain protein (FADD), required for caspase-8 activation downstream of DRs, causes thymic lymphomas in lck-FADD-DN mice, raising the possibility that concerted DR action is required to prevent the rise of lymphatic tumours. 34 As loss of FADD is not compatible with embryogenesis in mice, it is unclear whether DR signalling is required to prevent tumorigenesis outside the T-cell compartment. Interestingly, however, loss of caspase-8 expression, required for apoptosis induction by all DRs, was repeatedly described to occur in solid tumours such as childhood neuroblastomas, rhabdomyosarcomas as well as lung and colorectal carcinomas. [35] [36] [37] As caspase-8 and FADD do also contribute to other essential processes such as differentiation and proliferation, their tumor suppressor BH3-only proteins in cell death initiation V Labi et al potential may not entirely depend on the mediation of cell death in response to DR ligation.
This indicates that only inactivation of cell death regulators that integrate a wider range of death signals parallel to and/or upstream of mitochondria can cause clonal survival of damaged cells and may therefore promote tumorigenesis. Consistent with this idea, inactivation of the ARF/mdm2/p53 signalling network that regulates cell cycle arrest and apoptosis induction primarily along the Bcl-2-regulated pathway, upstream of mitochondria in response to a wide range of stressors, is the most frequent detectable molecular change in human tumours.
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BH3-only Proteins and Tumour Suppression by p53
A large set of genes transcriptionally regulated by p53, and even p53 itself acting directly at mitochondria, have been discussed to mediate apoptosis in response to DNA damage. 39 Several members of the Bcl-2 family are regulated by p53 at the transcriptional level. Bax was the first target in this family described to be induced by p53 in response to DNA damage, 40 but studies using knockout mice clearly demonstrated that loss of Bax did not impair p53-mediated apoptotic responses indicating redundancy with other cell death mediators such as Bak 1. Only recently, the connection between p53 and cell death activation by the Bcl-2 family became more clear after novel members of the BH3-only protein family were reported to be regulated in a p53-dependent manner. 39 
Bid
Bid, which is considered to amplify apoptosis signalling, particularly by linking the DR pathway to the intrinsic pathway and known for quite a long time, was only recently reported to be transcriptionally induced by p53 in response to g-irradiation. 41 MEFs lacking bid were shown to have abnormally reduced sensitivity to certain chemotherapeutic drugs such as 5-fluorouracil (5-FU). 41 However, the degree of protection was rather small. Moreover, full Bid activity requires its cleavage, either by caspase-8 downstream of DR activation or in response to genotoxic stress-induced Caspase-2 activation, converting it into the truncated, active form, called tBid. Bid-and caspase-8-deficient lymphocytes as well as caspase-8 fibroblasts were all found to be normally sensitive to p53-dependent apoptosis, [42] [43] [44] as were cells from mice lacking caspase-2, with the exception of oocytes. 45 Although the overall amount of Bid was observed to increase in MEFs in response to DNA damage, the amount of active tBid appeared to remain unchanged during p53-induced apoptosis. 41 These observations indicate that the apoptotic cascade is already highly active at times when Bid is cleaved and activated, demonstrating that it functions as an amplifier of 
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Bax/Bak-induced disturbance of mitochondrial integrity and not as a key initiator in p53-mediated apoptosis. Therefore, somewhat surprisingly, mice lacking Bid spontaneously develop a clonal malignancy that resembles human chronic myelomonocytic leukaemia on a mixed genetic background. 46 Myeloid precursors from Bid-deficient animals were reported to be protected from DR-mediated cell death and show enhanced colony-forming potential in vitro, that may constitute the basis for the development of the observed premalignant myeloid hyperplasia in these mice. 46 Whether loss of Bid expression can contribute to tumorigenesis and/or drug resistance in humans is only poorly investigated (Table 1) . One extensive immunohistochemical survey of Bid protein expression in 254 prostate, 100 colorectal adenocarcinomas, 95 ovarian cancer specimens, 59 brain tumours as well as 50 B-cell non-Hodgkin's lymphomas revealed that, if anything, Bid expression increases in some of these tumours during disease progression. 47 Analysis of the cancer cell line panel of the NCI revealed that expression of Bid did not correlate with the responsiveness of these cells to a large number of commonly used anticancer drugs. The only exception, out of 20 drugs tested, were two ribonucleotide reductase-inhibiting agents ( Figure 3 ). Unfortunately, a correlation with the responsiveness of these cells to DR-induced apoptosis was not assessed. Immunohistochemical analysis of Bid expression in hepatocellular carcinoma (HCC) specimens indicates weaker, albeit clearly detectable expression levels in tumourous tissue when compared with matched non-tumourous tissue. 48 No correlation with response to radiotherapy could be found in a study analysing Bid protein expression in a set of 98 biopsies of patients with cervix carcinoma by immunohistochemistry. Somewhat surprisingly, in the same study, high Bid expression was even identified as an adverse prognostic factor for disease-specific and metastasis-free survival in patients below 52 years of age. 49 Inactivating mutations in the bid gene locus have been reported to occur with low frequency in advanced gastric cancers. Analysis of 67 samples revealed four mutations but only one of these was a frame-shift mutation that also caused premature termination of protein translation. Overexpression of this mutant in 293 T cells confirmed impaired proapoptotic potential of Bid in response to 5-FU and TRAIL-R crosslinking. 50 In conclusion, these investigations indicate that loss of Bid expression and function is only a very rare event in human cancer that will generally not impede on the effectiveness of conventional anticancer therapy (Figure 3) . However, on rare occasions, inactivation of Bid may interfere with TRAIL-R activation-based combination therapy.
PUMA and Noxa -Two Killers on the Run
The first BH3-only protein reported to be a p53 target was called 'Noxa', the Greek word for 'damage', and cloned using a differential display technique. 51 This short 103 amino acid (aa) long protein showed no sequence homology to other known proteins except for two BH3 domains in mouse Noxa and one in the human counterpart. The mouse Noxa protein is the only Bcl-2 family member known to contain two BH3 domains that may have arisen during incomplete gene duplication. Mutational analysis confirmed that both BH3 domains are functional and contribute to the proapoptotic potential of Noxa. The noxa promoter region contains a functional p53-binding site, as confirmed by promoter luciferase assays. 51 Subsequent sequence analysis revealed that human noxa had already been identified some time ago as a protein highly expressed in adult T-cell leukaemia (ATL) cells after PMA treatment. The protein was called APR (for ATL-derived PMA-responsive gene) but no function was assigned to that molecule. 52 Human noxa encodes a gene product of 54 amino acids that contains only one BH3 domain. Similar to the murine gene, the human promoter contains a p53 response element and is induced readily following p53 activation, 51 but was found to be constitutively expressed in certain tumour cell lines such as Jurkat or HeLa (personal observations).
PUMA (p53 upregulated modulator of apoptosis) was described shortly thereafter by three groups. [53] [54] [55] PUMA mRNA and protein were both reported to be induced in normal as well as malignant cells following treatment with actinomycin D, 5-FU, adriamycin or in response to oncogenic stress. Its induction in response to DNA damage depends on p53 as colon carcinoma cells expressing a human papillomavirus (HPV) E6 protein or engineered to lack wt p53 (H1299 and HCT116 cells, respectively) are unable to express PUMA in response to DNA damage. 54, 55 Similar to p21 waf1 , PUMA is induced rapidly and mRNA expression is detectable as shortly as 3 h after and peaks 6 h after doxocycline-regulated induction of p53 and, hence, is induced more rapidly than Noxa or Bax that are induced rather late in this process. 54, 55 Consistent with their role as p53 target genes and their ability to be activated also by p53-independent processes (hypoxia, serum deprivation and glucocorticoids), cells derived from PUMA-or Noxa-deficient mice show increased resistance to a range of p53-dependent and, in case of PUMA deficiency, also p53-independent stress stimuli, albeit in a cell and tissue type-dependent manner. [56] [57] [58] Thymocytes and myeloid progenitors from PUMA-deficient animals are abnormally resistant to DNA damage caused by the treatment with anticancer drugs or by g-irradiation.
Although upregulation of noxa mRNA was also observed in Figure 3 Collection of classical and novel anticancer agents and their (currently) known ability to engage BH3-only proteins. Solid arrows indicate a strong activation/interdependence and dashed arrows weak or proposed ones BH3-only proteins in cell death initiation V Labi et al these cells in response to these stimuli, most cell types from Noxa-deficient mice were normally sensitive to these death stimuli. PUMA deficiency protected thymocytes also against certain p53-independent cell death stimuli, such as cytokine deprivation or treatment with glucocorticoids, the pan-kinase inhibitor staurosporine and most potently, the phorbol ester PMA. Similar results were obtained in an analysis of PUMAdeficient bone marrow-derived pre-B cells, mature peripheral B and T cells as well as bone marrow-derived myeloid progenitors. [56] [57] [58] A possible explanation for the apparent lack of protection of lymphocytes in the absence of Noxa may be the fact that it appears to display a very limited binding spectrum to Bcl-2-like prosurvival molecules. Mcl-1 and A1 are the only prosurvival homologues that can be bound and neutralized efficiently by Noxa. 11, 12 Lymphocytes, however, depend on a mix of Mcl-1, Bcl-2 and Bcl-X L for survival and therefore one might speculate that PUMA, reported to bind all three molecules with high affinity, can potently antagonize all these molecules, whereas Noxa is probably unable to be equally potent.
Taking all these studies into account, it appears to be certain that PUMA and Noxa are essential for mediating the effects of anticancer therapy based on the induction of DNA damage ( Figure 3 ). Our own in vivo studies indicate that, in the presence of a functional p53 pathway, PUMA is the ratelimiting BH3-only protein mediating DNA damage and glucocorticoid-induced apoptosis of primary lymphocytes, in a cell and tissue type-dependent manner together with Bim that is not a primary p53 target. 59 Again, Noxa appears to be dispensable for lymphocyte death in vivo but plays a major role in other tissues such as the gastrointestinal tract as well as UV irradiation-induced apoptosis in MEF. 57, 59 Whether PUMA or Noxa can contribute to all these forms of apoptosis in primary p53-deficient tumours, maybe in a p73-dependent manner (as suggested by in vitro studies) remains to be firmly established. 60 Induction of noxa mRNA and protein, however, can be induced in a p53-independent manner by application of proteasome inhibitors such as Velcade (PS-341) in melanoma cell lines in vitro but not healthy melanocyte cultures from foreskin.
61 C8161 melanoma xenotransplants treated with Velcade also displayed induction of Noxa protein paralleling tumour regression. 61 Expression of other BH3-only proteins such as Bim, also regulated in part via the proteasome, appeared unaltered in malignant melanocytes positive for Bim protein expression and treated with proteasome inhibitors, suggesting that depending on the origin of the tumour Velcade may exert its antitumorigenic effect by recruiting/activating different BH3-only proteins 61 ( Figure 3 ). It appears that induction of Noxa is required to induce apoptosis in these tumour cells as antisense oligonucleotide treatment reduced both induction of Noxa protein levels and cell death in response to proteasome inhibition. 61 This is somewhat surprising as protein levels of Mcl-1, Noxas primary antiapoptotic target, also increased in response to this treatment suggesting that Noxa should be completely neutralized. Usually, binding of Noxa to Mcl-1, for example, in response to UV irradiation targets this Bcl-2 prosurvival homologue for proteasomal degradation and this drop in Mcl-1 expression is required to sensitize cells for the action of additional BH3-only proteins that can neutralize other survival factors such as Bcl-X L 12 . In case of malignant melanocytes, however, the increase in Noxa protein may be strong enough to outweigh the molarity of Mcl-1 allowing Noxa-mediated neutralization of additional prosurvival proteins and the induction of apoptosis. The only other Bcl-2 homologue known to bind to Noxa, albeit with lower affinity, is A1 but its expression was not analysed in this study. 61 Are 63, 64 The Li-Fraumeni syndrome is characterized by a high incidence and early onset of leukaemia and sarcoma, a range of tumours observed also in mouse models genetically engineered to lack one or both alleles of p53 65, 66 or having their wt p53 replaced with a mutant form found at high frequency in human cancers. 67, 68 These mice develop tumours with 100% penetrance. It is unclear whether this is due to loss of all p53-activated processes or only loss of apoptosis. Loss of the cyclin-dependent kinase inhibitor p21 waf1 , the major cell cycle inhibitor activated by p53, causes only a low incidence of tumours and these arise mostly late in life (416 months) 69 as does loss of the key initiator of p53-driven scenescence ink4a. 70 The concept that only the proapoptotic arm of p53 function needs to be lost for oncogene-driven tumorigenesis to occur 71 has been challenged. In mice expression of a cell cycle competent but apoptosis-defective mutant of p53, found in tumour patients, did cause tumorigenesis significantly later, when compared with p53 À/À animals, indicating that cell cycle arrest and the maintenance of chromosomal stability do play an important role in p53-mediated tumour suppression. 72 Furthermore, although Bcl-2 overexpression can inhibit p53-induced apoptosis in lymphocytes, lymphomas develop in bcl-2 transgenic mice much more slowly and with much lower incidence compared to p53 À/À mice. 39 Although not tumorigenic per se, there is evidence that loss of PUMA can promote tumorigenesis under certain experimental conditions. Deregulated expression of the c-myc proto-oncogene results in the increased expression of PUMA in MEFs following E1A overexpression. In line with these observations, puma À/À myeloid progenitor cells and MEFs are highly resistant to apoptosis induced by c-myc expression plus growth factor deprivation, similar to the level of protection afforded by loss of p53. 58 Studies in bone marrow and splenic B cells derived from transgenic mice expressing c-myc under control of the Ig heavy chain enhancer (Em-myc) demonstrated that c-myc plus cytokine deprivation-induced apoptosis is mediated, at least in part, via the ARF/p53/PUMA pathway. 73 Em-myc transgenic mice develop B-cell lymphomas with 100% incidence within the first year of life. 74 This lymphomagenesis BH3-only proteins in cell death initiation V Labi et al is accelerated by loss of p53 (even loss of one allele) or loss of ARF. 75 Consistently, loss of a single copy of puma drastically accelerates c-myc-induced B-cell lymphomagenesis (Andreas Strasser, personal communication) and when haemopoietic stem cells (HSCs) from Em-myc transgenic mice, infected with a puma-specific shRNA construct were transferred into normal recipients, lymphomas also arose with a drastically reduced latency and disease onset was comparable to the one observed in the absence of p53. 76 Interestingly, the Em-myc lymphomas that carry a PUMA-specific shRNA maintained wt p53 status and could undergo cell cycle arrest in response to g-irradiation. 76 In contrast, p53 is frequently inactivated or lost in Em-myc lymphomas, 75 it therefore appears that the pressure to lose p53 is obviated by loss of PUMA. This indicates that when cell cycle control is deregulated (e.g. by c-myc overexpression) p53's proapoptotic function is its most critical action in tumour suppression. However, in the absence of mutations that deregulate cell cycling, other functions of p53 appear also critical for tumour suppression.
Whether this concept also holds true for other tumour types and other oncogenic mutations remains to be investigated in more detail. MEFs infected with E1A and ras-encoding retroviruses injected into immuno-compromised NIH Swiss athymic nude mice formed tumours much more rapidly when PUMA expression was downregulated by specific short hairpin siRNAs in these cells. 76 Tumour formation was reported to occur as rapidly as in the absence of p53 but without alterations in cell cycle regulation. PUMA downregulation did not accelerate tumorigenesis in MEFs overexpressing mutant Ras alone. These cells underwent senescence and did not form tumours, which is in sharp contrast to cells overexpressing mutant Ras in a p53 À/À background which are highly tumorigenic. 76 This indicates that in the context of ras-induced tumorigenesis, p53 suppresses transformation mostly by inducing cell senescence.
Interestingly, loss of Bim but not PUMA facilitates malignant growth of transformed mouse baby kidney cells overexpressing E1A and lacking p53 function, 77 although PUMA was previously reported to be upregulated in these tumours, at least under hypoxic conditions. 78 Bim seems to be a critical suppressor of H-ras driven tumorigenesis of epithelial cells that needs to be inactivated by H-ras/Raf/MAPK-mediated phosphorylation leading to its proteosomal degradation. 77 However, a contribution of PUMA in suppression of E1A/H-ras driven tumorigenesis in the context of functional p53 cannot be excluded based on these experiments.
Until now, no convincing data has been provided that loss of Noxa may facilitate tumour formation. In mice bearing a liverspecific deletion of c-jun, the development of chemically induced HCC is significantly delayed, revealing the oncogenic potential of c-jun in an in vivo model. 79 c-Jun, a central component of the transcription factor AP-1, is a major regulator of proliferation and apoptosis in liver cells and loss of c-Jun in HCC leads to an increased number of apoptotic cells that display increased mRNA levels of p53 and noxa. Induction of Noxa in the absence of c-jun seems to be specific, as the expression of other proapoptotic p53 target genes, such as Bax, PUMA or Apaf-1, was unaffected. 79 However, it was not formally demonstrated that the observed upregulation of noxa mRNA was the consequence of p53 activation, leaving the possibility that Noxa and p53 may be independently activated by loss of c-jun. Taken together, these observations indicate that c-jun promotes tumour cell survival by inhibiting the proapoptotic action of p53. Collectively, these findings suggest that inactivation of the proapoptotic function of p53 may not be sufficient for tumour development but that two or more of its activities, such as cell cycle arrest and apoptosis have to be impaired. Interestingly, studies with knock-in mice that express an apoptosisdefective, but cell cycle inhibitory competent mutant of p53 (R172P) indicate an equally prominent role for these two p53 functions in the suppression of thymic lymphoma development. 72 Cross-breeding experiments generating puma
À/À double-mutant mice may reveal whether loss of apoptosis induction and cell cycle arrest is sufficient to reconstitute the tumour phenotype observed in p53 À/À animals.
Do mutations of PUMA and Noxa promote tumorigenesis in humans?
A number of studies have investigated whether the puma or noxa genes are mutated or lost in a broad range of human cancers, focusing on the idea that tumours with functional p53 may be the most likely candidates for having lost PUMA or Noxa ( Table 1) . The chromosomal locus 19q13.3, harbouring the puma gene, is frequently lost in human gliomas, neuroblastomas and certain B-cell lymphomas. [80] [81] [82] Deletion of the long chromosomal arm, 19q, is also a frequent event in human head and neck squamous cell carcinomas (HNSCCs) and in lung cancer. Samples from 15 HNSCCs and 15 lung cancer patients were collected and analysed for their puma status. 83 No mutation of the puma gene itself has been found in any of the tumours analysed. A similar study also failed to provide a relationship between clinical and pathological features and PUMA expression in sporadic colorectal cancer. 83 However, a recent report provides evidence that PUMA expression decreases during the development of malignant cutaneous melanoma. Performing immunohistochemistry on 107 primary melanomas, 51 metastatic tumours and 64 dysplastic nevi, Karst et al. 84 demonstrated that PUMA expression decreases during disease progression (mean expression in dysplastic nevi4primary melanomas4metastatic tumours) and correlated with the overall as well as disease-specific 5-year survival rates of the patients. Unfortunately, the p53 mutation status was not assessed in these samples, but previous reports indicated that loss of p53 is a rather rare event in melanoma. 85 This may indicate that progressive reduction in PUMA expression levels during melanoma development may be owing to a molecular mechanism that does not involve p53 loss such as hypermethylation of the gene locus.
So far no relationship between Noxa expression and malignant diseases has been observed. Different human cancers, including 78 colon adenocarcinomas, 53 advanced gastric adenocarcinomas, 83 non-small-cell lung cancers, 76 BH3-only proteins in cell death initiation V Labi et al breast carcinomas, 33 urinary bladder transitional cell carcinomas and 90 HCCs, were tested for their noxa status. 86 Apart from one transitional cell carcinoma of the urinary bladder, which carried a somatic mutation in noxa, all tumour samples contained wild-type noxa sequences (Table 1) . Moreover, when analysed in vitro, the observed mutation had no impact on the proapoptotic activity of Noxa. 86 Taken together, these data indicate that loss of p53's proapoptotic activity alone is insufficient to promote tumorigenesis in a broad range of cell types in both humans and mice, fostering the hypothesis that at least one additional or even more p53 functions need to be impaired in order to recapitulate the Li-Fraumeni pathophysiology. It remains possible that impaired p53-mediated apoptosis alone may be sufficient to promote tumours in tissues with high basal cell proliferation, such as certain haematopoietic cell types or cells of the gastrointestinal system. Mutational analysis of puma and noxa in aggressive leukaemia/lymphomas with wt p53 status may help test this hypothesis. In addition to mutation, one may also have to consider epigenetic changes that may impact on the expression of PUMA or Noxa in tumour cells.
The others: Bim/Bod, Bmf, Blk/Bik/Nbk, Bad and Hrk/DP5
The majority of BH3-only proteins are regulated independently of p53 in response to cell stress by means as diverse as transcriptional activation, sub-cellular sequestration to cytosolic scaffold proteins or cytoskeletal components and proteasomal degradation. For some proteins, more than one regulatory mechanism may apply in a stimulus and cell typedependent manner.
Bim/Bod
The means of Bim regulation include dynein-light chainmediated cytoskeletal sequestration, 87 transcriptional induction in response to growth factor withdrawal 88 and proteasomal degradation after ERK-mediated phosphorylation and subsequent ubiquitinylation. 89 At the moment, it is unclear how important the individual modes of regulation are under physiological conditions and whether the different modes may be used in a cell type-specific manner. Generation of animal models carrying knock-in mutations impairing individual modes of regulation will be suitable to clarify these issues.
In normal physiology, Bim is crucial for negative selection of B-and T-cell precursors and the regulation of peripheral lymphocyte homeostasis. 3 The hyperplasia caused by the extended lifespan of Bim-deficient lymphoid and myeloid cells facilitates tumorigenesis on a tumour-prone background. Loss of just one allele of bim causes c-myc transgenic animals to develop B-cell lymphomas much more rapidly when compared with c-myc transgenic bim þ / þ littermates. This accelerated lymphomagenesis does not require loss of the ARF/p53 pathway, frequently observed in c-myc transgenic mice, indicating that Bim acts in a separate cell death cascade. 74 Bim appears to be directly regulated by c-myc as indicated by decreased levels of this protein in genuine c-myc lymphomas in mice. 74 Mutants of the c-myc gene that can be found in some Burkitt lymphoma patients with poor prognosis appear to have lost this ability. 90 Fetal liver stem cells transduced with these mutant versions of c-myc develop B-cell lymphomas much more rapidly when compared with tumours induced by transduction with wt c-myc. The most striking feature of these c-myc mutants is that they are unable to block Bcl-2 function by increasing Bim expression levels in MEFs and haemopoietic stem cells but still maintain the ability to promote proliferation and activation of ARF and p53. 90 Loss of Bim or p53 allows wt c-myc to drive B-cell lymphomagenesis with similar kinetics than c-myc mutants and tumours caused by the mutants no longer need to loose wt p53. Consistent with these observations, immunohistochemical analysis revealed that 6/7 Burkitt lymphomas from patients expressing mutant c-myc scored negative for Bim expression whereas all lymphomas derived from patients with wt c-myc retained reactivity with anti-Bim antibodies. 90 Taken together, this indicates that c-myc usually activates parallel apoptotic pathways to prevent tumorigenesis and that inactivation of one of these pathways to apoptosis, either the one regulated by p53 or the one activated by Bim, is sufficient to promote tumorigenesis once cell cycle progression is deregulated.
Another elegant study confirms that Bim also acts as a tumour suppressor in H-ras-driven carcinogenesis in epithelial cells. Loss of Bim allows the tumorigenic outgrowth of mouse baby kidney-derived epithelial cells that have been transformed with the viral E1A oncogene and a dominant negative version of p53. 77 Under standard conditions, those cells do not give rise to tumours once transplanted into nude mice unless apoptosis is impaired, for example, by loss of Bax/Bak or Bim. Interestingly, loss of PUMA failed to promote tumorigenesis in the same model system excluding that p53-independent regulation of PUMA contributes significantly to tumour progression in this system. In the same study, Bim has also been identified as the key regulator of paclitaxel responsiveness of these tumours as application of this drug leads to its rapid accumulation. Consistently, bim À/À tumours resist paclitaxel treatment in vivo. The data provided strongly suggest that oncogenic H-ras may confer resistance of tumours to paclitaxel therapy by preventing accumulation of Bim. The molecular basis underlying this observation is that H-ras-mediated activation of the MAPK signalling cascade causes phosphorylation of Bim on Ser69 that promotes its proteasomal degradation. 91 Application of proteasome inhibitors, one of which currently in early clinical trial for the treatment of multiple myeloma (Velcade, PS 341), restored Bim accumulation and paclitaxel sensitivity in H-ras overexpressing tumour cells not only in vitro but also in vivo suggesting additive beneficial effects of this combination regimen in the treatment of human tumours (Figure 3) .
The relevance of these findings made in animal models is underlined by the recent observations that loss of Bim also occurs in human tumours and tumour cell lines (Table 1) . Loss of the chromosomal region 2q13, harbouring the bim gene, can be observed in mantle cell lymphomas, a malignancy derived from pre-germinal center CD5 þ B cells. 92 Although a limited number of patient samples displayed loss of one bim allel (sufficient to confer partial resistance of mouse lymphocytes to factor-deprivation), 3/5 MCL cell lines had lost both BH3-only proteins in cell death initiation V Labi et al allels and the other two cell lines tested were heterozygous for bim. 92 Malignant B cells may be particularly prone to lose functional Bim, as we recently observed loss of Bim mRNA and protein expression in 2/5 human multiple myeloma cell lines, too (unpublished observations). Bim protein expression appears to be frequently absent in renal cell carcinomas (RCCs) (see below) and can be lost in melanoma cell lines derived from patients with metastatic lesions, 61 suggesting that this BH3-only protein also possesses tumour suppressor potential in humans and its loss may be related to progression of disease and maybe also drug resistance. Recent investigations demonstrate that the antitumorigenic effects of Gleevec, a kinase inhibitor used in the treatment of Philadelphia chromosome positive (Ph þ ) leukaemias, where the c-abl tyrosine kinase is hyperactivated owing to translocation from chromosome 9 to the break point cluster (bcr) region on chromosome 22, giving rise to the oncogenic BCR/Abl fusion protein, largely depends on Bim. Cell lines established from Ph þ chronic myelogenous leukaemia patients during blast crisis displayed decreased levels of Bim when compared with acute myeloid leukaemia (AML) cell lines. Consistently, Bim expression was found to be lower in Ph þ acute lymphocyte leukaemia (ALL) when compared to Ph À ALL cells suggesting the BCR/Abl may elevate, directly or indirectly, the turn over of Bim owing to phosphorylation-dependent degradation. . Interesingly, Bim but not PUMA mRNA was found to be induced in a significant portion of children with acute lymphoblasitc leukaemia undergoing glucocorticoid monotherapy. These observations are consistent with previously published in vitro data implicating Bim as a glucocorticoid receptor target and the execution of dexamethasone-induced apoptosis in leukaemic and normal lymphocytes. 59, 94 Taken together, we can anticipate that loss of Bim function may be frequently involved in human tumorigenesis and drug resistance to novel generation compounds such as Velcade, Gleevec or histone deacetylase (HDAC) inhibitors, but also evergreens such as glucocorticoids, which in part execute their antitumorigenic effects by inducing or enhancing the expression of Bim 95, 96 ( Figure 3 ).
Bmf
In contrast to Bim, little is known about the biology of the Bmf, a more recent addition to the BH3-only protein family is reported to be regulated in a similar manner as Bim. Both molecules share a highly conserved dynein light chain-binding motif near their N-termini that targets Bmf to the actin cytosekeleton and Bim to microtubules, respectively. 97 Bmf can be released from the cytoskeleton in response to UV radiation or loss of adhesion and/or integrin signals preceding a distinct form of cell death, called anoikis, observed only in fibroblasts, epithelial or endothelial cells preventing detached cells from colonizing elsewhere.
In haemopoietic cells, Bmf is widely expressed and has been implicated in cytokine withdrawal-induced cell death of granulocytes where the protein was reported to accumulate during in vitro culture; 56 however, granulocyte numbers are normal in bmf À/À mice (AV. unpublished). Alternative splicing of bmf may also contribute to regulate its in vivo function. Two additional splice variants of bmf (termed bmf II and III) were found to be expressed in normal and malignant human B cells, derived from patients with B-cell lymphocytic leukaemia 98 and multiple myeloma cell lines (unpublished observations) .
Surprisingly, these novel variants of Bmf lack a functional BH3 domain and Bmf III also contains a different carboxy terminus. Overexpression of Bmf II or Bmf III in Hela cells increased their colony-forming potential, whereas Bmf, as previously reported, acted proapoptotic. B-CLL cells undergo rapid apoptosis in vitro and this cell death correlated with enhanced mRNA expression of the full-length form of Bmf, containing the BH3 domain necessary for apoptosis induction, but not the other two isoforms. 98 In line with the lifespanlimiting role of Bmf, a recent study describes that treatment of oral and esophageal squamous carcinoma cell lines with novel HDAC-inhibitors causes upregulation of Bmf and concomitant tumour cell death (Figure 3) . Reduction of bmf mRNA and protein by RNA-interference abrogated the antitumorigenic effects of HDAC inhibitors enabling clonal survival of tumour cells in vitro.
99
The tumour suppressor potential of Bmf remains to be investigated in an in vivo model and so far only circumstance evidence exists that it may be involved in the prevention of tumorigenesis (Table 1) , as the human bmf gene is located on chromosome 15q14, a region harbouring a so far unidentified tumour suppressor that is frequently lost in patients with advanced stages of breast, lung and colon carcinomas. 100, 101 Blk/Bik/Nbk Although being widely expressed in immature and mature lymphocytes, myeloid cells and nucleated erythrocytes Blk, the murine orthologue of Bik/Nbk, appears redundant for cell death induced by a broad range of apoptotic. Apoptosis induced by cytokine withdrawal, the gulcocorticoid dexamethasone, phorbol ester, ionomycine, the topoisomerase II inhibitor etoposide or B-cell receptor crosslinking is not impaired in blk À/À lymphocytes. 102 Furthermore, loss of blk failed to prevent degenerative phenotypes caused by loss of bcl-2 such as polycystic kidney disease and leukopenia indicating that Blk, in contrast to Bim, does not mediate apoptosis by neutralizing Bcl-2 in these tissues. 102 Interestingly, although Blk appears to have overlapping functions with Bim in spermatogenesis (but not haemopoiesis) as combined loss leads to infertility, reduced testicular cellularity and loss of spermatozoa presumably because excess spermatogonia BH3-only proteins in cell death initiation V Labi et al cannot be deleted by apoptosis leading to the displacement of Sertoli cells and aborted testicular development. 103 So far no spontaneous tumours have been reported to arise in these animals but expression of both, Blk/Nbk as well as Bim was reported to be frequently lost in patients suffering from clear-cell RCCs by Peter Daniels group (Table 1) . Concomitant loss of both BH3-only proteins was reported in 6/7 RCC cell lines. Immunohistochemistry confirmed expression of Bik/Nbk in normal kidney epithelium next to malignant tissue that had lost Bik/Nbk expression in 28 patient biopsies where side-to-side evaluation of healthy and malignant tissue was possible. 104 Overall, weak expression or complete loss of Bik/Nbk expression was observed in all 57 clear-cell RCCs studied. Fluorescence in situ hybridization analysis revealed that allelic loss and/or methylation was responsible for the loss of Bik/Nbk expression in 9/10 cell lines investigated and treatment with 5 -aza2dC restored mRNA and in most cases also protein expression. 104 Bim mRNA expression also increased in response to 5 0 -aza2dC treated Caki-2 cells suggesting that Bim levels may also be reduced owing to epigenetic silencing. Adenoviral expression of p53 in RCC cell lines failed to restore Bik/Nbk expression in 6/7 cases, although the mouse orthologue Blk was reported to be induced in mouse embryonic fibroblasts by the E1A oncogene in a p53-mediated manner. 105 Direct inducible re-expression of Bik/Nbk by means of adenoviral transfer of the gene in RCC cell lines, but not primary renal epithelial cells, caused massive Bax-dependent apoptosis suggesting that the loss of Bik/Nbk expression may facilitate transformation, tumour progression and maybe drug resistance in RCC. 104 Single-strand conformation polymorphism analysis and conventional sequencing analysis of bik exons 2-7 in 71 samples of human B-cell lymphomas revealed occasional missense mutations in follicular lymphoma, marginal zone and diffuse large B-cell lymphomas. However, none of the mutations found in the coding region were located in the BH3 domain and the functional impact of the amino-acid changes on the cell death-promoting potential of Bik/Nbk was not evaluated. 106 Comparative genomic hybridization performed on human glioma samples revealed a minimal common deletion area mapping to the bik gene locus on chromosome 22q13, harbouring a putative tumour suppressor gene. 107 Taken together, loss of Bik/Nbk can be observed in a range of different human tumour entities. Further functional investigations will be needed to evaluate the relevance of this BH3-only protein in cancer pathology and response to anticancer therapy. Intercrossing of blk À/À mice with various tumourprone mouse strains may be a valuable first step in this direction.
Bad
The BH3-only protein Bad has long been considered as a key player in apoptosis induction in response to cytokine and/or growth factor deprivation. Bad is negatively regulated by phosphatidylinositol-3 (PI3)-kinase/Akt signalling, 108 a survival pathway frequently hyperactivated in many human tumour entities, owing to loss of its negative regulator phosphatase and tensin homolog deleted on chromosome 10 (PTEN) or, even more indirectly, loss of the PTEN transcriptional regulator p53. 109 Therefore, a prominent role for this BH3-only protein in apoptosis induction and/or tumour suppression has been anticipated for a long time. Loss of Bad protein expression in mice does not support a crucial role for this BH3-only protein in cytokine deprivation-induced death of primary lymphocytes. 110 Interestingly, bad À/À mammary epithelial cell cultures were more resistant to the effects of epidermal growth factor deprivation and serum deprivation rendered Badproficient lymphocytes more susceptible to the effects of FasL and tumour necrosis factor and MEF wild type for Bad were more susceptible to etoposide treatment. Spontaneous tumorigenesis was observed in about 40% of animals in a cohort of aged bad À/À mice (latency 415 month). B220 þ surface Ig þ diffuse large B-cell lymphomas were the most frequent tumour entity observed (440%), accompanied by a broad range of different haemopoietic malignancies. 110 Consistent with its proposed cell death-sensitizing role and a mild delay in g-radiation-induced death of primary bad À/À thymocytes, Bad-deficient mice succumbed to radiationinduced thymic lymphomas significantly earlier than their wt littermates. 110 Activation of Bad by dephosphorylation of Ser112 by application of the EGFR tyrosine kinase inhibitor Iressa/ Gefitinib combined with dephosphorylation of Ser 136 mediated by re-expression of PTEN (or a combination of MAPK and PI-3K inhibitors) was reported to inhibit growth and induce apoptosis in MDA-468 breast cancer cells in vitro, but more importantly also prevented tumour outgrowth in a mouse xenograft model in vivo. 111 Unfortunately, the role of other BH3-only proteins was not investigated in this study but we can anticipate that simultaneous inhibition of PI-3K/Akt and MAPK signals may, depending on the tumour cell type, also lead to induction of Bim via Foxo3a-mediated gene transcription and dephosphorylation-dependent protein stabilization. 111 Mutations of the bad gene have been reported in 2/47 colon adenocarcinoma samples (Table 1) . Interestingly, both mutations were located in the BH3 domain, one of which strongly reducing binding to Bcl-2 and Bcl-X L . When overexpressed in 293 T cells, both mutants were less potent in inducing apoptosis then the wt form of Bad. 112 Taken together, these studies indicate that Bim and Bad are critical mediators of the effects of new-generation anticancer agents and both genes can be occasionally impaired owing to mutations or epigenetic silencing in human tumours (Figure 3 ).
Hrk/DP5
DP5 was first identified as a BH3-only protein rapidly induced in response to NGF deprivation of rat sympathetic neurons and its overexpression potently induced apoptosis in cultured neurons.
113 DP5 is widely expressed in the developing nervous system during embryogenesis where cell death plays a crucial role in the deletion of neurons with misguided axons but expression appears to be minimal or absent in most other adult tissues with the exception of the brain. 113 Neuronal cell death caused by b-amyloid-triggered calcium increase has been proposed to be mediated by DP5, which is upregulated at the mRNA and protein level in neuronal cultures. 114 In line BH3-only proteins in cell death initiation V Labi et al with its proposed role in apoptosis in the central nervous system, DP5 was reported to be upregulated strongly in brain ischaemia/reperfusion models of neuronal cell death 115 and motor neurons from DP5 À/À mice are protected from axotomy-induced cell death. 116 The human homologue, Harakiri (Hrk), shares 72% identity with DP5 and was isolated by means of two-hybrid analysis from a HeLa cDNA library using Bcl-2 as bait. 117 In contrast to DP5, Hrk appears to be expressed also outside the neuronal system and RNA was detected in haemopoietic tissues as well as pancreas. 117 Subsequently, Hrk/DP5 has been reported to be induced in response to IL3-deprivation, in a calcium-dependent manner, in haemopoietic progenitor cell lines such as FDC-P1 promyeloid cells and in human CD34
þ haemopoietic progenitors after growth factor withdrawal. 118 Inactivation of the hrk gene owing to aberrant DNA methylation has been reported to occur frequently in human gastric and colorectal cancers (Table 1 ). More than 30% of the investigated tumour cell lines in this study (e.g. DLD1, HT29, MKN28 and KatoIII) had the transcription start site of hrk methylated, impairing its mRNA expression, but this methylation was not found in haemopoietic, liver or pancreatic tumour cell lines. 119 Analysis of primary tumour material revealed the very same methylation in colorectal (24%) and gastric cancer (17%) patients whereas no such methylation was found in HCC or normal tissues derived from colon or stomach. Antimethylating agents restored hrk mRNA expression in gastric cancer cell lines paralleling the induction of apoptosis that was synergistically enhanced by simultaneous application of HDAC inhibitors such as trichostatin A 119 ( Figure 3 ). Although such treatment did not change the mRNA levels of other BH3-only proteins such as Bid, Bad and Noxa, this remains only a correlative observation as no assays have been performed that would prove that Hrk is essential for the death of these tumour cells. Neverthless, a reduction or loss of Hrk expression owing to promoter and/or exon 1 methylation has also been reported to occur in a significant number of astrocytomas (419%), primary (427%) and secondary glioblastomas (443%). No methylation was found in cells adjacent to the tumour. Immunohistochemical analysis revealed a trend towards decreasing levels of Hrk expression with increasing tumour grade and complete loss of expression associates with loss of heterozygosity (LOH) at 12q13 in the majority of cases. 120 Interestingly, silencing of Hrk appears to occur more frequently in p53 competent tumours, suggesting that loss of Hrk expression may relieve the pressure to lose this key tumour suppressor. However, until confirmed in welldefined mouse models of tumorigenesis, this remains pure speculation.
Conclusions
Collectively, all these studies indicate that BH3-only proteins act as a crucial barrier against malignant diseases not only in animal models but also in humans. They, therefore, constitute critical targets mediating the effects of anticancer therapy and loss of their function, owing to mutation, LOH or epigenetic silencing may well contribute to tumour progression and drastically impair the effectiveness of conventional therapeutics but also of new generation antitumour agents targeting the proteasome or certain tyrosine receptor kinase pathways.
Based on our expanding knowledge of the molecular characteristics and function of BH3-only proteins, promising lead compounds exploiting the characteristics of the a-helical structure of the BH3 domain have been generated by rational drug design. The small molecule drug ABT-737, 121 for example, has been modelled to fit into the binding groove of Bcl-X L . Whether drugs like this induce apoptosis by displacing Bax/Bak-like molecules from Bcl-2 prosurvival homologues, allowing Bax/Bak oligomerization, or, alternatively, by causing the displacement of 'direct activator' BH3-only proteins, mopped-up by the high levels of Bcl-2 often found in tumour cells, leading to direct Bax activation remains to be firmly established. Regardless of how they induce apoptosis at the molecular level, these drugs truly hold a large promise for more effective anticancer treatment strategies in the near future.
